Microfold (M) cells are specialized intestinal epithelial cells that internalize particulate antigens and aid in the establishment of immune responses to enteric pathogens. M cells have also been suggested as a portal for pathogen entry into the host. While virus particles have been observed in M cells, it is not known whether viruses use M cells to initiate a productive infection. Noroviruses (NoVs) are single-stranded RNA viruses that infect host organisms via the fecal-oral route. Murine NoV (MNV) infects intestinal macrophages and dendritic cells and provides a tractable experimental system for understanding how an enteric virus overcomes the intestinal epithelial barrier to infect underlying target cells. We found that replication of two divergent MNV strains was reduced in mice depleted of M cells. Reoviruses are double-stranded RNA viruses that infect hosts via respiratory or enteric routes. In contrast to MNV, reovirus infects enterocytes in the intestine. Despite differences in cell tropism, reovirus infection was also reduced in M cell-depleted mice. These data demonstrate that M cells are required for the pathogenesis of two unrelated enteric viruses that replicate in different cell types within the intestine.
T he gastrointestinal (GI) tract, being the largest mucosal surface in the body, forms a barrier between the interior and exterior milieu. Although multiple protective mechanisms are present, enteric viruses have evolved strategies to overcome this barrier and infect the host. Some enteric viruses enter the host by directly infecting enterocytes, e.g., rotavirus (1) . Alternatively, microfold (M) cells have been proposed as a route of viral entry after visualization of selective uptake of poliovirus and reovirus particles by Peyer's patch (PP) M cells (2, 3) . However, direct evidence demonstrating that M cells are required for the establishment of a productive virus infection is lacking.
M cells are specialized epithelial cells that are mostly located in the follicle-associated epithelium (FAE) of organized lymphoid tissues like PPs. However, M cells also are found in intestinal villi, although villous M cells are less abundant than PP M cells (4) . M cells selectively bind and endocytose IgA (5) and selectively express glycosylphosphatidylinositol-anchored glycoprotein 2 (GP2) (6) . Mouse M cells also react with the Ulex europaeus agglutinin-I (UEA-I) lectin, which recognizes ␣1,2 fucose (7) . M cells arise from individual stem cells in the crypt (8) . Development of M cells depends on the receptor activator of NF-B ligand (RANKL), which is expressed by subepithelial stromal cells in the PP domes (9, 10) . Antibody-mediated neutralization of RANKL in wild-type mice transiently eliminates most PP M cells, while systemic administration of RANKL to RANKL-deficient mice restores PP M cells and induces differentiation of villous M cells (9) . M cells function to sample antigens in the intestinal lumen for immune surveillance, including microorganisms and inert particles (e.g., latex beads) (11) (12) (13) . For example, the bacterial pathogens Listeria monocytogenes, Salmonella enterica serovar Typhimurium, Shigella flexneri, and Yersinia enterocolitica exploit M cells to invade the host and establish infections (14) (15) (16) (17) . In the case of S. Typhimurium, selective M cell uptake is mediated by a specific ligand-receptor interaction between FimH, a component of type I pili on the bacterial outer membrane, and GP2, a protein specifically expressed on M cells (6) . Binding of secretory IgA to its receptor on M cells is important to facilitate the sampling of commensal bacteria (18) . Remarkably, transient depletion of M cells in mice by RANKL antibody treatment inhibits prion accumulation and subsequent neuroinvasion (19) , suggesting that M cells are also the sites of prion uptake. While collectively these studies provide evidence that M cells contribute to the pathogenesis of bacterial and prion diseases, the role of M cells in the initiation of productive virus infection is less clear.
Noroviruses (NoVs) are nonenveloped, highly stable, positivesense RNA viruses that infect hosts via the fecal-oral route (20) . Little is known about NoV pathogenesis, including early events during infection of the intestine. Murine noroviruses (MNVs) efficiently replicate in macrophages and dendritic cells (DCs) in cell culture (21) and in mice (22) (23) (24) , providing a tractable experimental system for understanding how an enteric virus overcomes the intestinal epithelial barrier to reach its target cells in the intestinal lamina propria. Despite the high sequence similarity of MNV strains (Ͼ75%), they differ in biological phenotypes (25, 26) . For example, the MNV strain CR3, which was isolated from the feces of mice, persists in wild-type mice for at least 35 days, while MNV-1 establishes acute infections and virus is not detectable in fecal contents 7 days postinoculation (dpi) (25, 27) . Studies using an in vitro model of the FAE demonstrate that MNV is transported across a polarized intestinal epithelial monolayer using M-like cells (28) . However, how MNV crosses the intestinal epithelial barrier in vivo to reach the underlying permissive macrophages and dendritic cells is not known.
Mammalian reoviruses are another widely used model for studies of viral pathogenesis (29) . Reoviruses are nonenveloped, segmented, double-stranded RNA viruses that cause disease in the very young but do not produce symptoms in adults (30) . Reoviruses are classified into three serotypes represented by the prototype strains, type 1 Lang (T1L), type 2 Jones (T2J), and type 3 Dearing (T3D). While T1L and T3D differ in pathways of virus spread (hematogenous versus neural, respectively) (31), the primary site of replication for both strains in perorally inoculated newborn mice are intestinal enterocytes at the villus tips (32) . T1L binds to ␣2,3-linked sialic acid-containing glycans on the apical surface of M cells via the attachment protein 1 (33, 34) . Visualization of virus particles by transmission electron microscopy during the first hours of infection suggests that following binding to the apical surface of M cells, reovirus is internalized into and replicates in M cells prior to infecting enterocytes from the basolateral surface (35) . However, it is not apparent whether reovirus can establish productive infection in the host in the absence of M cells, for example, via apical infection of enterocytes.
In this study, we used an M cell depletion protocol to investigate whether M cells are required for infection by MNV and reovirus, which replicate in different cell types (macrophages and dendritic cells versus enterocytes) in the murine intestine. Using a light-sensitive MNV to distinguish between input and replicated virus, we found that two MNV strains have different replication kinetics, and both depend on M cells for efficient intestinal infection. Despite the differences in cell tropism, reovirus infection of the murine intestine also depends on M cells. Thus, intestinal M cells are used as a portal of entry for two unrelated enteric viruses to initiate productive infection in the murine host.
MATERIALS AND METHODS
Mice. All animal studies were performed in accordance with local and federal guidelines as outlined in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health (36) . The protocol was approved by the University of Michigan Committee on Use and Care of Animals (UCUCA number 09710).
Wild-type BALB/c (000651) and 129S6/SvEv STAT1 Ϫ/Ϫ (2045) mice were purchased from Jackson Laboratory (Bar Harbor, ME) and Taconic Farms (Hudson, NY), respectively. Six-to 8-week-old mice were used for MNV studies, and 3-to 4-week-old mice were used for reovirus studies. All mice used in the study came from a reovirus-free colony and were further tested for anti-MNV antibodies by enzyme-linked immunosorbent assay (ELISA) as described previously (21) and found to be seronegative.
To transiently deplete M cells in vivo, BALB/c mice were inoculated intraperitoneally with 250 g of IK22-5 rat anti-mouse RANKL monoclonal antibody every 2 days for a total of four doses prior to infection, as described previously (9) . A parallel group of mice were similarly treated with a rat isotype control IgG (Sigma) or left untreated.
Virus stocks and plaque assays. The plaque-purified MNV-1 clone (GV/MNV1/2002/USA) MNV-1.CW3 and the fecally isolated MNV strain CR3 (GV/CR3/2005/USA) were used at passage 6 for all experiments (25) . Viral titers were quantified by plaque assay after visualizing plaques by staining cells with a 0.01% neutral red (NR) solution in phosphate-buffered saline (PBS) for 1 to 3 h as described previously (21, 37) . Reovirus T1L stocks were prepared using reverse genetics (38, 39) . Viral titers were quantified by plaque assay as described previously (40) . The limit of the plaque assay is 10 PFU/ml or 1 log 10 .
Infection of mice with NR-containing MNV. NR-containing MNV stocks were generated by infecting RAW 264.7 cells with either MNV strain in the presence of the NR dye as described previously (41 and http: //www.bio-protocol.org/wenzhang.aspx?idϭ415). The NR dye, when exposed to light, cross-links the RNA genome to the capsid by an unknown mechanism, preventing viral uncoating (41, 42) . All NR virus preparations displayed 100-to 1,000-fold reductions in viral titers upon light exposure. Mice were inoculated perorally with 10 5 PFU MNV (NR), and tissues were aseptically removed using a red safety light at 12 (MNV-1) or 18 (CR3) hpi, approximate time points for the first round of viral replication. Regions of the GI tract, including the stomach (ST), jejunum/ duodenum (J/D), proximal ileum (PI), distal ileum (DI), cecum (CE), and colon (CO), were harvested, and one fecal pellet (FE) was collected. Tissue samples were flash-frozen in a dry ice/ethanol bath and stored at Ϫ80°C. Tissues were homogenized in 1 ml of medium with 1.0-mmdiameter zirconia-silica beads (BioSpec Products) using a MagNALyser (Roche Applied Sciences, Hague Road, IN). Plaque assays were performed in duplicate, one in the dark and the other following a 10-min light exposure. Viral plaques were enumerated 48 h later.
Infection of mice with reovirus. Three-to 4-week-old BALB/c mice were inoculated with 10 6 PFU of reovirus T1L by oral gavage. Tissue samples were collected 24 hpi and processed as described for MNV, with the exception that tissues were homogenized in PBS with MgCl 2 and CaCl 2 . Viral titers were determined by plaque assay using L929 cells (32) .
Immunostaining of whole mounts, cryosections, and paraffin-embedded tissue. For whole mounts, PP were harvested from untreated, IgG isotype control-treated, and anti-RANKL-treated mice at various intervals postinoculation and vortexed in 1 ml PBS containing 0.05% Tween 20 for 30 s. After vortexing, PPs were washed once with PBS, fixed in 4% paraformaldehyde in PBS for 15 min, and permeabilized with 0.1% Triton X-100 for 15 min. PPs were blocked with 10% (vol/vol) FBS and 1% (vol/vol) normal goat serum (NGS; Gibco) in PBS for 30 to 60 min. GP2 staining was performed by incubating PPs with a primary rat anti-mouse glycoprotein 2/GP2 (MBL, Woburn, MA) antibody in PBS containing 1 g/ml 4=,6-diamidino-2-phenylindole (DAPI) for 1 h, followed by three consecutive PBS washes. PPs were incubated with fluorescein isothiocyanate (FITC)-conjugated secondary rat anti-IgG antibody (eBiosciences, San Diego, CA) for 1 h, along with rhodamine-conjugated Ulex europaeus agglutinin I (UEA-1; Vector Laboratories, Burlingame, CA). PPs were washed three times with PBS and mounted with ProLong Gold antifade reagent containing DAPI (Invitrogen, Grand Island, NY) between two coverslips separated by double-stick tape or clay. Images were captured by laser scanning confocal microscopy (LSM) using LSM software with a Zeiss confocal microscope. Immunofluorescence images were quantified from 5 to 6 individual PPs using the scoring system of intensities by the Metamorph Premier v6.3 image analysis software (Molecular Devices, Downington, PA).
For cryosections, PPs were harvested from BALB/c or STAT1 Ϫ/Ϫ mice orally infected with MNV (6 ϫ 10 7 PFU/mouse). Tissues were processed as described for whole mounts. M cells were detected with primary rat anti-mouse glycoprotein 2/GP2 antibody (MBL, Woburn, MA), and MNV was detected with a rabbit polyclonal antibody raised against the MNV nonstructural protein N-term (43), generously provided by Vernon Ward (Otago University, Dunedin, New Zealand). Images were captured using an Olympus BX60 upright microscope.
For paraffin-embedded sections from reovirus-infected mice, PPs were harvested from isotype control-treated or anti-RANKL-treated mice, fixed with 10% formalin, and embedded in paraffin. Tissues were then sectioned, deparaffinized, and immunostained as described above for whole mounts using a primary rat anti-mouse IgG2a isotype control or a rat anti-mouse glycoprotein 2/GP2 antibody (MBL, Woburn, MA) and a rabbit polyclonal antibody against the sigma nonstructural protein for reovirus T1L (44, 45) . Images were captured using an Olympus BX60 upright microscope.
Statistical analysis. Data are presented as means Ϯ standard errors of the means (SEM). Statistical analysis was performed using Prism software, version 5.01 (GraphPad Software, CA). The two-tailed Student's t test was used to determine statistical significance.
RESULTS
MNV strains have different replication kinetics. Analysis of early events in the virus-host encounter benefits from the ability to distinguish between input and replicated virus. In addition, the intestinal transit time in mice is similar to the length of a replicative cycle of MNV (21, 46) . Therefore, we adapted the light-sensitive, neutral red (NR)-containing MNV (41) for in vivo studies. The basic premise of this technology is that NR-labeled virions from the inoculum are inactivated upon exposure to light, whereas newly replicated progeny virions are no longer labeled with NR and become light insensitive. To verify that NR-containing viruses remain light sensitive when present in a tissue homogenate, we mixed distal ileum homogenates from wild-type mice with approximately 10 4 PFU of either NR-containing MNV-1 or CR3 and quantified the total (exposed in the dark) and replicated (after light exposure) viral titers by plaque assay (Fig. 1A) . A threelog reduction was observed for both NR-containing virus stocks after light exposure, demonstrating that the NR-containing virus strains are sensitive to light inactivation. As a proof of concept for in vivo use, we next inoculated BALB/c mice perorally with MNV-1 (NR), and the intestine was harvested 3 or 72 hpi as representative time points that do not or do permit replication, respectively. As anticipated, progeny virus at or below the limit of detection was observed in the distal ileum and colon at 3 hpi, while a significant amount of input virus was observed in the colon at this time point (Fig. 1B) . In contrast, newly replicated virus was observed at 72 hpi in the distal ileum, the primary site of MNV-1 replication (25), but not in the colon (Fig. 1B) . Therefore, NR- containing MNV enables the study of early events during pathogenesis and allows input virus to be distinguished from newly formed virus.
To identify an approximate time point at which laboratoryadapted MNV strain MNV-1 and persistent MNV strain CR3 undergo the first round of viral replication, BALB/c mice were inoculated perorally with NR-containing MNV-1 or CR3, and viral titers in the intestine were quantified by plaque assay at 12, 24, or 72 hpi (Fig. 1C to E) . Maximum levels of newly replicated virus from mice infected with MNV-1 (NR) were detected in the small intestine (jejunum/duodenum, proximal ileum, and distal ileum) or large intestine (cecum) at 12 hpi, indicating MNV-1 undergoes its first round of replication within 12 h. In contrast, CR3 (NR) replicated mostly in the cecum at 12 hpi and reached its maximum titer in the cecum at 24 hpi, while maximum levels of replicated virus in other regions of the GI tract were reached at 72 hpi. This suggested the first round of CR3 replication occurred between 12 and 24 hpi. No viral titers were detected in the stomach for either virus (data not shown). These data confirmed previous reports from experiments using C57BL/6 mice that CR3 but not MNV-1 replicates in the colon (27) and demonstrated that CR3 has slower replication kinetics than MNV-1 in vivo. More importantly, these data demonstrate that the light-sensitive virus is a powerful tool to investigate early events in viral pathogenesis.
MNV requires M cells for productive infection. To determine whether M cells are required to initiate a productive MNV infection in vivo, BALB/c mice were selectively depleted of M cells using an antibody against RANKL (anti-RANKL) administered intraperitoneally (i.p.) every 2 days for a total of four doses, as described previously (9) ( Fig. 2A ). This M cell depletion protocol does not alter the presence and distribution of F4/80 ϩ and CD11c ϩ cells in the intestine, gastrointestinal lymphoid follicles, and spleen, most likely because macrophages and DCs at these sites express negligible levels of RANK (19) . As depletion controls, mice were administered an IgG isotype control antibody or left untreated. At 36 h following the last dose of antibody, mice were inoculated perorally with MNV-1 (NR) or CR3 (NR) ( Fig. 2A) . The GI tract was excised at 12 hpi for MNV-1 (NR) or 18 hpi for CR3 (NR), time points representing approximately one round of replication, and viral titers were determined by plaque assay. These early time points capturing the first round of viral replication were chosen for each virus, because we reasoned that if MNV enters via M cells, reducing the number of M cells should reduce the number of virus particles capable of reaching the underlying target cells (i.e., macrophages and dendritic cells), resulting in the greatest measurable phenotype. Total MNV-1 titers were significantly decreased in the distal ileum and feces of mice treated with anti-RANKL compared to those of control animals, while replicated MNV-1 titers also were decreased in the cecum (Fig. 2B and C). A significant difference in the total but not replicated MNV-1 titers was observed in the jejunum/duodenum compared to the isotype control (compare Fig. 2B to C) . The biological significance of this finding is unclear but suggests differences in attachment to and/or transcytosis by M cells. Anti-RANKL-treated mice perorally inoculated with CR3 (NR) produced significantly decreased total and replicated viral titers in the cecum and feces but not the jejunum/duodenum, proximal ileum, or distal ileum compared to that of untreated and isotype control-treated animals ( Fig. 2D and  E) . Interestingly, the effect of M cell depletion on CR3 infection was greater than that for MNV-1.
Thus, we wanted to verify that M cells were successfully depleted. Toward that end, PPs were harvested from each mouse after MNV infection, fixed, and prepared for whole-mount staining using two M cell markers, GP2 and UEA-1 (Fig. 3A to J) . Both M cell markers showed significantly reduced staining in the PPs of anti-RANKL-treated mice (Fig. 3G to I and J) compared with isotype control-treated animals (Fig. 3D to F and J) or untreated mice (Fig. 3A to C and J).
MNV-1 does not infect M-like cells in the FAE model in vitro (28) . To test whether MNV infects M cells in vivo, PP sections from MNV 1-infected wild-type mice and STAT1 Ϫ/Ϫ mice (mice highly susceptible to MNV infection [22, 23] ) were immunostained for the M cell marker GP2 and the viral protein N-term, which is only expressed during active replication (Fig. 4) . M cells expressing GP2 at the apical surface were readily observed in wildtype mice (Fig. 4B , also see arrowheads in the inset). Unfortunately, despite using multiple assays (immunofluorescence, immunohistochemistry, and flow cytometry), we were unable to detect viral replication in PPs of wild-type BALB/c mice. This finding most likely reflects the very low number of infected cells in wild-type mice, as has been observed previously (23) . In contrast, MNV-1 nonstructural protein expression was observed in STAT1 Ϫ/Ϫ mice in cells located in the subepithelial dome underneath the FAE, but no staining was observed in GP2-positive M cells (Fig. 4D ). Taken together, our data suggest that while MNV does not infect M cells, it requires M cells for transport across the intestinal epithelial barrier to permit efficient replication in the host's intestine.
Reovirus requires M cells for a productive infection in mice.
To determine whether an unrelated virus that replicates in a different cell type within the intestine than MNV also traverses the intestinal mucosal barrier using M cells, we tested the effect of M cell depletion on reovirus infection. M cells were depleted from mice prior to peroral inoculation with reovirus strain T1L, and viral titers were determined by plaque assay at 24 hpi. Strikingly, mice treated with anti-RANKL had no detectable reovirus titers in the jejunum/duodenum, proximal ileum, cecum, and colon compared to isotype control-treated or untreated animals (Fig. 5 ). In addition, significantly lower titers were produced in the distal ileum and feces (Fig. 5 ). To determine whether reovirus replicates in M cells, PPs from isotype-and anti-RANKL-treated mice were immunostained with the M cell-specific marker GP2 and a polyclonal rabbit antibody against the sigma nonstructural (NS) protein ( Fig. 6 ). Reovirus NS protein expression was observed in the isotype-treated but not anti-RANKL-treated mice. Specifically, reovirus antigen was detected in enterocytes adjacent to (arrowhead) and within (star) cells expressing GP2 at their apical surface, indicative of M cells (Fig. 6A) . The lack of reovirus staining in anti-RANKL-treated animals (Fig. 6B) is consistent with the absence of reovirus PFU in the small intestine of these mice (Fig. 5 ). Taken together, these data demonstrate that reovirus, like MNV, requires M cells to establish a productive infection in the murine host, but unlike MNV, it can replicate in M cells.
DISCUSSION
The initial steps of virus entry into an infected animal can dictate host range and pathogenesis and offer a point of potential intervention. However, little is known about how enteric viruses cross the intestinal barrier and initiate a productive infection. Virus particles have been observed within M cells, implicating this cell type as a portal of entry into the host, but whether these particles actually initiate a productive infection in addition to contributing to the development of antiviral immune responses is not clear. The M cell depletion studies presented here collectively point to the importance of M cells in the pathogenesis of enteric viruses that replicate within intestinal epithelial cells (reovirus) or intestinal mononuclear phagocytes (MNV) (Fig. 7) .
Adapting the use of neutral red-labeled MNV for pathogenesis studies enabled us to determine that the MNV strain CR3 has slower replication kinetics in the GI tract than does strain MNV-1 (Fig. 1 ). CR3 causes a persistent infection in mice and shares the viral determinant for persistence (Glu94 in the N-terminal protein) identified in CR6, while MNV-1 causes an acute infection (22, 25, 47) . A similar correlation between replication kinetics and persistence was observed for lymphocytic choriomeningitis virus (LCMV), leading to the hypothesis that slowly replicating viruses evade immune surveillance to allow persistent infection (48) . In addition, MNV-1 and CR3 display different carbohydrate-binding properties in macrophages and differences in colon tropism (27, 49) . Thus, it is possible that infection of macrophages, the precise tissue sites of replication, or the effectiveness of immune surveillance contribute to the persistence phenotype of CR3 or the enhanced clearance of MNV-1. Future studies are required to determine the mechanism of MNV persistence.
Our results demonstrate that M cells facilitate the initial steps of productive MNV infection in mice. Viral titers were significantly reduced within the GI tract following depletion of M cells in animals infected with either of two MNV strains (Fig. 2) . However, M cells are not susceptible to MNV replication in vivo (Fig.  4) , consistent with our previous observation that M-like cells do not become infected in an in vitro model of the FAE (28). Together, these data point to M cells as a conduit for MNV transport across the mucosa but not as a site for replication, as is seen with some viruses (50) . However, residual MNV was still detectable within the GI tract of anti-RANKL-treated mice. One reason for this occurrence could be the incomplete depletion of M cells, as weak GP2 expression was detected in PPs from depleted mice ( Fig.  3G and J) . In addition, we cannot exclude the presence of villous M cells following M cell depletion. We focused on PPs to quantify M cell depletion, because the majority of M cells are located in PPs, while villous M cells are rare (9) . The effect of RANKL depletion on villous M cells has not been examined, although villous M cells are induced by RANKL supplementation (9) .
In addition, the likelihood of incomplete M cell depletion in our studies suggests that once residual virus has crossed the intestinal epithelium and undergone the first round of replication, progeny virus will be capable of infecting new cells for additional rounds of replication. Thus, differences in viral titers in M celland control-depleted mice likely will diminish with increasing rounds of replication. A second possibility is that MNV uses multiple mechanisms to cross the epithelial barrier. Since MNV infects DCs, sentinel DCs that insert dendritic processes between intestinal epithelial cells (51) or M cell-specific transcellular pores (52) may provide an alternate route of MNV entry (Fig. 7) . It is unlikely that the DC pathway is upregulated only under these specific experimental conditions. PP DCs and macrophages express negligible levels of Tnfrsf11a, the gene encoding RANK, and mice treated with anti-RANKL antibody have normal numbers and distribution of DCs and macrophages in the intestine and spleen (19, 53) . In addition, while RANKL can stimulate the activity of DCs to activate T cells (54) , the time frame of our experiments (less than 24 h) is too short for antiviral T cell activity, which is not detectable until 7 to 8 days postinfection (55, 56) . However, although unlikely, we cannot rule out that RANKL depletion affects the innate immune response. The incomplete block to MNV replication observed in our study is in contrast to another study in which M cells were depleted using the same anti-RANKL antibody approach. This study shows that prion disease progression in the brain following peroral prion inoculation is abolished following M cell depletion (19) . Mice completely lacking M cells will be required to determine whether M cells are the only route used by MNV to infect mice. Depletion of M cells substantially reduced reovirus titers in the intestine of infected mice (Fig. 5) , indicating that M cells also are required for the initiation of a productive infection with reovirus. After proteolytic conversion of reovirus T1L virions to infectious subvirion particles (ISVPs) in the small intestine of mice (57, 58) , reovirus binds to ␣2,3-linked sialic acid on the apical surface of M cells via the attachment protein 1 (33) (34) (35) . By electron microscopy, reovirus particles are observed in M cells within vesicles, suggesting that virions are endocytosed into these cells. In suckling mice, viral particles also are observed in M cells within cytoplasmic inclusions, which are a hallmark of reovirus replication (35) . Consistent with the ability of reovirus to replicate in M cells, our studies using PPs from isotype-treated adult mice immuno- BALB/c mice (3 to 4 weeks old) were depleted of M cells as described in the legend to Fig. 1 and inoculated perorally with T1L reovirus 24 h later, and regions of the GI tract were harvested 24 hpi. The number of mice analyzed in each group is indicated in parentheses. Viral titers were quantified by plaque assay. Data are expressed as means Ϯ SEM from two independent experiments. *, P Ͻ 0.05; ***, P Ͻ 0.001; ND, not detectable; ST, stomach; J/D, jejunum/duodenum; PI, proximal ileum; DI, distal ileum; CE, cecum; CO, colon; FE, feces. stained with the M cell-specific marker GP2 and an anti-reovirus antibody showed cells double positive for both markers (Fig. 6 ). However, the majority of reovirus antigen-positive cells were enterocytes adjacent to GP2-positive M cells (Fig. 6 ). Previous studies indicate that reovirus virions preferentially adhere to and are taken up from the basolateral surface of epithelial cells cultivated from the murine small intestine (35) . Our data are consistent with those earlier findings and further support the model that reovirus infection is initiated by the uptake of virions into and transport across M cells followed by basolateral infection of enterocytes (32) . Conversely, it is highly unlikely that reovirus infects enterocytes from the apical side to initiate a productive infection of the host. Reovirus is also capable of infecting human airway epithelial cells via the basolateral route (59), suggesting common themes of reovirus infection of polarized epithelia.
Reovirus titers in the GI tract following M cell depletion were reduced to a substantially greater extent than titers of MNV in M cell-depleted mice (compare Fig. 2 and 5 ). While these findings might reflect differences in replication kinetics, we favor an alter-nate explanation based on the different cell tropisms of these two viruses. Reovirus does not replicate in DCs (44) but is dependent on M cells for transport across the epithelial barrier and as an early target cell for replication (this study). In contrast, MNV replicates in DCs (21) , and microbial stimuli are known to increase the sampling of lumenal content by transepithelial DCs (51, 60, 61) , upregulating a potential alternative entry route for the virus to access the host (Fig. 7) .
Our findings demonstrate that M cells are a gateway for MNV and reovirus infection and serve an important role in the initiation of productive infection in addition to their function in development of immune responses (11) . The question of whether M cells are used universally by all enteric viruses during pathogenesis or only by specific enteric viruses remains to be determined. Nonetheless, the induction of mucosal immunity via targeting M cells is an area of intense research (62) , and identifying surface molecules involved in MNV and reovirus uptake by M cells may reveal new strategies for the development of mucosal vaccines. Moreover, knowledge that M cells are used as entry portals by at least some enteric virus infections opens up potential therapeutic approaches for the use of noninfectious viral particles as drug delivery vehicles to prevent or treat infectious diseases.
